The chemical structure of agar fractions obtained from Gracilaria compressa, G. cervicornis, G. damaecornis and G. domingensis with a sequential solvent extraction has been determined by I3 C-NMR spectroscopy. Gracilaria compressa agar consists of agarobiose, pyruvated agarobiose and a low concentration of 6-Omethylated agarobiose repeating units; G. cervicornis and G. domingensis agars are composed of 6-O-methylated agarobiose, agarobiose-6-sulfate, agarobiose, and a repeating unit with 4-O-methyl-a-L-galactose; finally, G. damaecornis agar is made of the same repeating units of the latter agars plus agarobiose-4-sulfate. From these four algae, a fraction enriched with pyruvated or sulfated repeating units was obtained in water at room temperature. An extract essentially composed of only 6-O-methylated,agarobiose repeating units was obtained from the Gracilaria species with boiling 80% ethanol. The concentration of the methylated repeating unit decreased in the subsequent boiling in 60% and 40% ethanol extracts and in the hot water extract (121 °C), whereas charged repeating units were present in these agar fractions. Floridean starch contaminated the hot water extract.
Introduction . -. Γ ^ ,. ΓΓ «. 1 1 -weight of the different agarose molecules in agar Marine red algae belonging to the genus Gracilaria . represent an important potential source for the in-c , . , (Araki 1966 Rees 1969 and βΜΜ ^ ^ ^ ^ R ^F ig. 1), that compose the family of polysaccMrides (Cp . MAS) U C . NMR spectroscopy has been used in agar Yaphe 1971, Izunu 1970, succesfully charged agars extracted from Gracilaria compressa (C. agardh) Greville, G. cervicornis (Turner) J". Agardh, G. damaecornis J. Agardh, and G. domingensis Sonder ex Kützing previously reported by , were re-investigated using the sequential solvent extraction described by Lahaye et al (1986) and 13 C-NMR spectroscopy. These methods permitted the isolation and characterization of novel agar fractions. The fine chemical structure of the substituted agarobiose repeating units encountered in these fractions is described in more detail elsewhere .
Material and Methods
Gracilaria cervicornis (Turner) J. Agardh (referred to as G. ferox by Hong et al. 1969 and , G. damaecornis J. Agardh, G. domingensis Sonder ex Kützing, and G. compressa (C. Agardh) Greville samples were those investigated by Hong et al. (1969) and . Agar extraction from these algae followed the procedure described by Lahaye et al. (1986) with the following modifications: the dry algal pieces (10 g) were left at room temperature with stirring for 4 hours or overnight in 95% ethanol (300 ml), the pigmented extract was discarded and the algal pieces extracted with boiling 95% ethanol as described by Lahaye et al. (1986) ; the boiling 20% ethanol and hot water (100°C) extracts were omitted.
13
C-NMR spectroscopy was carried out using a Bruker WH 400 operating at 100.6 MHz. Spectra of about 5% polysaccharide solution in D 2 O were recorded at 80 °C with a spectral width of 10 -18 KHz and relaxation delay of 0.5 to 0.7 s. Carbon chemical shifts were measured in parts per million relative to internal dimethyl sulfoxide and converted to values related to tetramethylsilane (conversion constant: 39.6).
Results and Discussion
The yields of agar extracted with cold water (22 °C), boiling 80, 60, and 40% ethanol, and hot water (121 °C) are depicted in Figure 2 . The total recovery of polymers on the basis of algal dry weight was 42.3, 37.2, 39.2, and 41.5% for Gracilaria cervicornis, G. damaecornis, G. domingensis, and G. compressa, respectively. Major fractions of agar were recovered with boiling 60, 40% ethanol and hot water (121 °C) (Fig. 2 ) except for G. domingensis for which the yield of the cold water extract was greater than that of the 40% ethanol extract (Fig. 2C) . Usov et al 1983] with split signals for G + 1 and A + 4 probably resulting from a non-uniform distribution of the sulfated repeating units in the polymers. Signal splittings have already been observed for agar with repeating units containing L-galactose-6-sulfate replacing 3,6-anhydrogalactose and believed to be the biological precursor to the agarobiose repeating unit a, Morrice et al. 1983 , Rees 1961 . Small signals were observed for agarobiose (A, G, Usov et al. 1980 ), and for 6-O-methylated agarobiose (G', Nicolaisen et al. 1980) . But, in contrast to the previously reported composition of cold water soluble agar Yaphe 1988, Lahaye et al. 1986) , no signal was detected for the biological precursor disaccharide unit.
The 80% ethanol extract agar from G. cervicornis had a quite different spectrum from that of the preceeding fraction since it was typical of polymers composed essentially of 6-O-methylated agarobiose [ Fig. 3 (80) , G', . Small signals at 98.6, 70.8, and 61.9 ppm were attributed to the 4-O-methyl-a-L-galactose known to be present in this agar (Hong et al. 1969 , Bird et al. 1987 and probably occurring as a branch as proposed for Laurencia agar (Hirase et al. 1983) . No signal was detected for unsubstituted agarobiose repeating units. The spectrum of the 60%, 40% ethanol and hot water extracts from that alga showed signals attributed to agar essentially composed of a combination of four types of repeating units: 6-O-methylated agarobiose, agarobiose containing D-galactose-6-sulfate, unsubstituted agarobiose, and a minor content of repeating unit containing 4-O-methyl-a-L-galactose [Fig. 3, (60, 40, 0) ]. These fractions differed in the concentration of 6-O-methylated agarobiose, the highest signal intensity associated with this substituent being observed on the spectrum of the 60% ethanol extract. Signals for floridean starch were also observed ( Fig. 3, C ; Dais and Perlin 1982, Lahaye et al. 1986 ) and this polysaccharide accounted for about 51% of the hot water extract, as determined from the integral of the anomeric signals, Cl (100.4, 100.2 ppm), Gl (102.5 ppm) and Al (98.4 ppm). Other small signals, bearly exceeding the noise level on these spectra, remain unassigned.
The 13 C-NMR spectra of agar fractions extracted from G. domingensis were similar to those of G. cervicornis (data not shown). Small signals for repeating units containing D-galactose-6-sulfate were observed on the spectrum of the 80% ethanol extract. Floridean starch accounted for about 30% of the hot water extract.
Another peculiar substituted agarose was that from G. damaecornis (Fig. 4) 71.6, G-5: 66.7, G~6: 65.3, C-CH 3 : 25.7, COOH: 176.3 ppm, Lahaye et al. 1989) . The relaxation time of the quaternary carbon of the pyruvate ketal was probably too long to give a signal under the spectral conditions used. No signal was detected for a repeating unit containing L-galactose-6-sulfate.
ppm
The 80% ethanol extract was determined from its 13 C-NMR spectrum to be composed essentially of agarobiose and 6-O-methylated agarobiose repeating units [ Fig. 5 (80), G'] . The signal for the methyl group of the methylated disaccharide repeating unit was not observed probably due to the spectral acquisition conditions. The 60% and 40% ethanol extracts [ Fig. 5 (60, 40) ] showed major NMR signals attributed to agar polymers constituted of agarobiose and pyruvated agarobiose repeating units. Methylated agarobiose repeating units were not detected. The agar was mainly constituted of agarobiose and a low concentration of pyruvated agarobiose. The ratio of agarobiose to pyruvated agarobiose estimated from the integral of G5 and G"5 was lower than that of the other fractions (except the 80% ethanol extract). It was of 1:0.1 as compared to 1:0.3 in fraction 40, 1:0.4 in fraction 60, and 1:0.7 in fraction CX. The observation of agar having a low degree of pyruvation agrees with the results of and Young et al (1971) that demonstrated that pyruvation occurs on a peculiar family of agar in the alga. The biological significance of the pyruvated agarobiose distribution in G. compressa agar remains to be established. Other small signals bearly exceeding the noise level on the spectrum remain unassigned.
Sequential extraction of agar from algae has been interpreted to reflect the solubility and association of polysaccharides in the algal cell-wall and is not directly related to the weight-average molecular weight of the molecules (Rochas and Lahaye 1989 a). Thus, high concentrations of methoxyl and 3,6-ahydrogalactose in agar increase the hydrophobic properties of the molecules, allowing for their solubility in hot solutions of alcohol (40-80% boiling ethanol). In contrast, substitution of agarobiose with alkali-stable charged groups increases hydrophilic properties with concomitant solubility of agar in polar solvents (rich in water). Furthermore, the replacement of anhydrogalactose by L-galactose-6-sulfate in the agarobiose introduces irregularity into the agarose helical structure (Arnott et aL 1974) and decrease the associations between polymers. In addition, the temperature at which agaroses are soluble is related to the conformation of the molecules and thus, to their non-covalent association between each other like in a gel. However, covalent cross-linkages between agaroses and other cell-wall polymers are suspected and are believed to modify the solubility of these molecules in requiring harsh conditions (water at 121 °C) for their extraction . The present results confirm that any high concentration of substituent groups disrupting the agarose helical conformation, and thus aggregation, such as sulfate and pyruvate, increases the solubility of the molecules, particularly in water at room temperature.
The present extraction method allowed for the solubilization of novel agar fractions such as highly sulfated agar containing D-galactose-4-sulfate and/or Dgalactose-6-sulfate such as the cold water extract from G. cervicornis, G. damaecorms, and G. domingensis. The sulfated galactose residues were estimated from the integral of 13 C-NMR signals to represent 60-90% of the D-galactose residues in these agars (about 16-25% sulfate on a weight basis). Although these values are comparable to those obtained from Gloiopeltis agar Watanabe 1971, Penman and Rees 1973) , this is the first report of highly sulfated (alkali-stable) agar extracted from Gracilaria species.
Similarly, a highly pyruvated agar was obtained in the cold water extract from G. compressa. The concentration of pyruvated agarobiose in this agar (44%), estimated from the integrals of I3 C-NMR signals, is approximative^ equivalent to 3 times (9.4% pyruvic acid on a weight basis) the concentration (2.8% on a weight basis) reported by and Yourig et al (1971) from native G. compressa agar.
Several attempts have been made to correlate chemical structure to taxonomy of algae (Gretz et al 1986 and references herein, Bird et al 1987) . The presence of D-galactose-6-sulfate in agar extracted from G. cervicornis and G. domingensis, the presence of pyruvated agarobiose repeat unit in G. compressa agar, and particularly, the regular distribution of galactose- and with the pyrolysis-mass spectrometry data of Bird et al. (1987) . Methylation is known to increase the gelling temperature of agars (Guiseley 1970) ; further work is now needed to determine the physico-chemical and rheological effects of this masking group in agar.
Physiological conditions are known to affect the growth rate of the algae and also the concentration of certain chemical structure in Gracilaria agar (Lahaye and Yaphe 1988). The present analyses were carried out on single samples and thus did not reflect the possible changes in concentration of substituent groups. A particularly important masked structure in agar which has not been observed here, is L-galactose-6-sulfate since it has been proposed to be the biological precursor to the 3,6-anhydrogalactose residue (Rees 1961) and most probably reflects the growth status of of the algae.
In conclusion, Gracilaria agar consists of a variety of related hybrid molecules varying in the extent and types of substituted repeating units. The chemical heterogeneity of these polysaccharides is conveniently determined using the combination of sequential solvent extraction and 13 C-NMR spectroscopy. The latter extraction procedure should prove useful together with anion exchange chromatography in isolating particular molecules to be used as models in the study of the physical and rheological properties of agarose.
